Background: At later stages of chronic kidney disease (CKD), a pattern of linear and irreversible renal function decline is thought to be the most common. The objective of this study was to describe the characteristics of the different patterns of CKD progression, and to investigate potentially modifiable factors associated with the rate of decline of renal function.
Introduction
Until recent years, it was thought that chronic kidney disease (CKD) exhibited a predominantly linear progression pattern [1] [2] [3] , with a more rapid decline of renal function at later stages [4] [5] [6] . Thus, it seemed difficult to slow or halt the progression of CKD at Stage 4 or 5.
However, recent observational studies have shown that patterns of CKD progression may be highly heterogeneous, and trajectories of glomerular filtration rate (GFR) over time can fit patterns different from linear [7] [8] [9] [10] [11] [12] [13] . Knowledge of the determinants of these different CKD progression patterns may be of great interest for the management of this disease.
The aims of this observational study in a cohort of CKD Stages 4 and 5 patients were to describe the main characteristics of the different patterns of progression, analyse the major determinants of the rate of decline of renal function and investigate potentially modifiable factors that could influence on CKD progression.
Materials and methods
This was a longitudinal, retrospective observational study in an incident cohort of adult patients with CKD Stages 4 and 5 not on dialysis, who were admitted to our CKD outpatient clinic between January 2000 and December 2014 due to progressive decline of kidney function.
The inclusion criterion was: having at least three consecutive measurements of estimated GFR (eGFR) in a follow-up period >3 months. Patients with recent acute kidney injury or those with glomerular diseases or vasculitis under immunosuppressive therapy were excluded.
Demographic features, clinical parameters and prescribed medication were obtained from medical records. Davies comorbidity index [14] at the time of the study entry was used to categorize the aggregated diagnosis of comorbid conditions into three subgroups: absence, mild-moderate or severe.
Baseline biochemical parameters included for descriptive purposes were: haemoglobin, serum creatinine, uric acid, calcium, phosphate, bicarbonate, parathyroid hormone, albumin, haemoglobin A1c (only in diabetic patients), high-sensitivity Creactive protein levels (data available in 675 patients) and 24-h urinary protein excretion (g/g creatinine). All measurements were performed in the same central laboratory of our hospital using standard biochemical methods. The abbreviated Modification of Diet in Renal Disease equation (MDRD) was used to estimate GFR (eGFR) [15] .
Patients were followed regularly every 30-90 days. Decline in renal function was estimated as the slope of the individual linear regression line of eGFR over follow-up time, expressed as 6mL/min/1.73 m 2 /year. Negative or positive values of this parameter indicate renal disease progression or renal function improvement, respectively.
The best-fitting model of eGFR over individual follow-up time was determined in each patient for defining the pattern of CKD progression. The following models were considered: linear, quadratic and cubic. An automatic curve estimation procedure was used, and we assessed model performance by F-value and the coefficient of determination (R 2 ). When the relationship between eGFR over time did not fit any statistical significance model (P ! 0.05), the pattern of CKD progression was considered as 'unidentifiable' ( Figure 1A) ; when the best-fitting model was linear, the pattern of progression was considered as 'linear' ( Figure 1B) ; when the best-fitting model was curvilinear (quadratic or cubic), the pattern was considered as 'nonlinear' (Figure 1C-E) . Finally, all positive slopes were considered as 'positive pattern' or renal function improvement ( Figure 1F ).
Study design and statistical methods
This was a retrospective observational study in which demographic, clinical and biochemical characteristics of patients were described according to the pattern of CKD progression.
The main determinants of CKD progression were analysed using multiple linear regression models. In addition, multiple logistic regression models were also utilized to analyse associations between covariates and the velocity of CKD progression using a categorical variable. We used the arithmetic mean of eGFR slope of the whole study group as the cutoff value, and considered slow or fast progression if each individual eGFR slope was higher or lower than this value, respectively.
The most common medications used in these patients were included in the description of progression patterns and as covariates in multivariable analyses.
The following medications were included: diuretics, angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin II receptor blockers (ARBs), dual blockade (concomitant treatment with two of the following drugs: ACEI, ARB or aliskiren), b-blockers, calcium-channel blockers, statins and antiplatelet drugs. We also included a covariate that we called 'major treatment modifications' (MTM), which integrated some modifications of treatment performed at baseline. These changes consisted of discontinuation of vitamin D analogues and/or fibrates and/or allopurinol (this latter medication only in patients with suspected allopurinol hypersensitivity syndrome).
The rates of all-cause hospitalization during the study period were also included in the descriptive analysis, as an indicator of clinical instability.
Other therapeutic measures such as dietary protein restriction, prevention of contrast-induced nephropathy and avoidance of other potential nephrotoxic drugs, treatment with sodium bicarbonate to correct metabolic acidosis, erythropoiesisstimulating agents to reverse anaemia and measures to control serum phosphate (diet and/or binders) were not included as covariates in the multivariate analysis, although these treatments were indicated to all who required them.
The rest of the covariates included in the multivariate analysis were: age, sex, comorbidity index, current smoking, diabetes mellitus, systolic and diastolic blood pressure measured at the first visit, baseline eGFR and urinary protein excretion.
Due to the long study period, and in an attempt to adjust the hypothetical improvement over time in practice management and treatment guidelines, we also included a variable in which points were allocated to each one of the three consecutive 5-year study periods. Thus, the early period (2000-04) received 1 point, the mid-period (2005-09) 2 points and the late period (2010-14) 3 points.
Cox proportional hazards regression models were used to analyse the main determinants of death before dialysis had been initiated. The proportional hazard assumption was checked graphically (log-log Kaplan-Meier curves) for all covariates.
To estimate the cumulative incidence for requiring dialysis therapy while accounting for the competing risks of dying before dialysis initiation, a competing-risk proportional hazards regression model was built using the method of Fine and Gray, according to Putter et al.'s description [16] . The same covariates selected in the Cox model were also re-analysed with the competing-risk model, and the sub-distribution hazard ratios were estimated.
Parametric and non-parametric tests were chosen as appropriate for descriptive comparisons of continuous variables, and chi-squared test for categorical variables.
Descriptive statistics are presented as mean and standard deviation, or median and interquartile ranges (IQR) for continuous variables, and absolute values and percentages for categorical variables. A P < 0.05 was considered to be significant. All Pvalues are reported two-sided. Analyses were performed using IBM SPSS Statistics 21.0 (IBM Corp., Armonk, NY, USA), and STATA 11.1 (StataCorp, College Station, TX, USA).
Results

Patients
During the study period, data were retrievedfrom 1383 patients, of whom 944 patients fulfilled the inclusion criteria, and 29 were excluded as they were found to have recent acute kidney injury or were under immunosuppressive therapy for primary glomerulonephrities or vasculitis. Thus, the study group consisted of 915 patients, whose demographic, clinical and biochemical characteristics are detailed in Table 1 .
CKD progression
The mean eGFR slope in the overall sample was: À3.35 6 4.44 mL/min/1.73 m 2 /year. This parameter followed a Gaussian distribution ( Figure 2 ) with a minimum and maximum values of À25.5 and þ15.5 mL/min/1.73 m 2 /year, respectively.
Mean eGFR slopes were consistently improving over the study periods (early, mid and late): À3.81 6 4.03 versus À3.35 6 4.28 versus À2.74 6 5.08 mL/min/year, respectively [P ¼ 0.016, analysis of variance (ANOVA)].
Patterns of progression of CKD
In all, 349 patients (38%) showed a linear pattern of CKD progression. In 213 patients (23%), the regression between eGFR over time did not fit any statistical significant pattern (unidentifiable pattern). In 215 patients (24%), the best-fitted model was nonlinear (curvilinear), while the remaining 138 patients (15%) showed improvement of renal function (positive pattern).
The nonlinear progression pattern consisted of 100 patients with quadratic and 115 with cubic curves. Tables 1 and 2 show the main characteristics of patients according to CKD progression patterns.
Main characteristics of patients according to CKD progression patterns
Of note, patients with the unidentifiable pattern had the shortest follow-up time and the lowest number of kidney function measurements (overall median of five determinations). Patients with unidentifiable and positive patterns were older, and exhibited greater numbers of comorbid conditions and hospitalization rates.
The slope of CKD progression was steeper (faster progression) in unidentifiable and linear patterns, as opposed to the group with the nonlinear pattern. Consistent with this finding, both mean systolic and diastolic blood pressure, and urinary protein excretion were higher in the unidentifiable and linear patterns than in the nonlinear pattern.
Dual blockade of the renin-angiotensin system (RAS) was prescribed more frequently in patients with unidentifiable or linear CKD progression patterns. The mean eGFR slope of the 79 patients on dual RAS blockade was significantly steeper than that of the rest of the study patients (À6.06 6 5.36 versus À3.09 6 4.27 mL/min/1.73 m 2 /year, P < 0.0001).
MTM were more frequently performed among patients with renal function improvement (19%). The mean eGFR slope in the 93 patients in whom one or more drugs suspected to be involved in the decline of kidney function were discontinued, was more favourable than that of the rest of the study patients (À2.06 6 3.98 vs À3.49 6 4.47 mL/min/1.73 m 2 /year, P ¼ 0.003).
More specifically, the mean eGFR slope of the 58 patients who discontinued vitamin D analogues was: À2. 26 /year. The aetiologies of CKD according to the pattern of progression are detailed in Table 1 . No significant differences were found in the frequency distribution of aetiologies, although it is worth mentioning the low percentage of diabetic nephropathy among patients with patterns associated with slower progression (nonlinear and positive), and the predominance of unknown aetiology and atherosclerotic vascular disease among patients with the positive pattern.
In diabetic patients, levels of haemoglobin A1c did not significantly differ across the four different patterns of CKD progression (Table 2) .
Median C-reactive protein levels were higher in patients with unidentifiable and positive patterns (Table 2) , consistent with their respective comorbidity burden.
Factors associated with faster CKD progression
By multiple linear regression analysis, the best determinants of eGFR slope are shown in Table 3 . Covariates associated with slower progression were: age (slower progression in ageing patients), and discontinuation of drugs suspected to be involved in kidney function decline. On the contrary, higher systolic blood pressure, the magnitude of urinary protein excretion and the treatment with dual RAS blockade were associated with faster progression.
These same covariates determined the best predictive equation for faster progression of CKD defined as eGFR slope lower than the mean value of the whole study group (Table 4) .
In diabetic patients, mean levels of haemoglobin A1c were almost identical in fast and slow progressors (6.73 6 1.32% versus 6.73 6 1.49%, respectively). Haemoglobin A1c levels did not correlate with eGFR slopes (b ¼ 0.012; P ¼ 0.830).
Median C-reactive protein levels were similar in slow and in fast progressors (3.65 versus 3.48 mg/L, P ¼ 0.840 Mann-Whitney test). C-reactive protein levels correlated weakly but significantly with eGFR slopes in a univariate model (b ¼ 0.085; P ¼ 0.027). However, C-reactive protein levels no longer remained significantly associated with eGFR slopes when demographic characteristics were included in a multivariate model (b ¼ 0.072; P ¼ 0.061).
Determinants of worse outcomes (death or need for dialysis)
During a median follow-up period of 16 months (IQR: 8-30 months), 583 patients initiated dialysis (64%), and 142 patients died before dialysis had been initiated (16%).
By Cox proportional hazards regression model, the main determinants of mortality before dialysis initiation, and of dialysis initiation adjusted for competing risk of death, are shown in Table 5 . Summarizing these results, patients who died before dialysis had been initiated were characterized by the following clinical profile: ageing patient with high degree of comorbidity, current smoker, with proteinuric renal disease, but treated less frequently with ACEI or ARB. On the other hand, the most notable characteristics of patients who needed earlier initiation of dialysis were as follows: younger male with lower baseline renal function, higher systolic blood pressure and proteinuric renal disease (more common diabetic), treated more frequently with dual blockaded of RAS and/or b-blockers. Figure 3 shows 'survival without dialysis' curves according to the pattern of CKD progression, and Figure 4 shows 'survival without dialysis' curves according to the rate of CKD progression (faster or slower).
Discussion
In this observational study, four different patterns of CKD progression could be distinguished: unidentifiable, linear, nonlinear and positive.
The unidentifiable pattern, in which the relationship between eGFR over time did not fit any predictable pattern, accounted for 23% of the study patients. These patients were older, had greater comorbidity, especially diabetes mellitus, higher systolic blood pressure and urinary protein excretion, and they had the worst outcomes (faster CKD progression and lesser survival rate with no dialysis).
A more frequent general frailty and clinical instability in these patients, as reflected by their greater comorbidity index and hospitalization rate, may explain this unpredictable pattern of CKD progression. These patients usually present abrupt changes in their clinical course and kidney function, mainly related to cardiovascular (congestive heart failure) and infectious complications that result in hospitalization, and they eventually need the initiation of unplanned dialysis. The shorter follow-up time in this group could also influence the lack of a clearly defined pattern of CKD progression.
Although the linear pattern of CKD progression was the most common, it accounted for only 38% of the study patients. Some characteristics of these patients, such as higher systolic blood pressure and urinary protein excretion, matched those exhibited by patients with the unidentifiable pattern. However, 79 (9) 18 (9) 40 (12) 17 (8) 4 (3) 0.020 b-blockers 208 (23) 56 (26) 73 (21) 45 (21) 34 (25) (10) 28 (13) 25 (7) 14 (7) 26 ( patients with the linear pattern were younger and had fewer comorbidities than those with the unidentifiable pattern. In addition, primary glomerulonephrities and adult polycystic kidney disease (APKD) were the predominant CKD aetiologies in this group. The linear pattern was also associated with faster decline of kidney function and earlier need for dialysis initiation. Among the potential factors involved, dual RAS blockade treatment was more commonly prescribed in these patients, and although some concerns about confounding by indication should be considered, dual RAS blockade treatment was significant and independently associated with faster CKD progression in adjusted multivariate analyses.
Associations between dual RAS blockade treatment and faster CKD progression have already been described in other studies, in patients both with and without diabetic nephropathy [17] [18] [19] , and although these results should be interpreted cautiously, it would be advisable to take them into consideration when this therapy is indicated to patients with advanced CKD.
The nonlinear pattern of CKD progression was also common -24% of patients. Despite the scant differences in clinical characteristics of patients with linear and nonlinear patterns, those with the nonlinear pattern showed a slower decline of renal function. The unsteady CKD progression in the nonlinear pattern may be explained by transient or partial response to the numerous therapeutic interventions performed to these patients, which may eventually help to delay the need for dialysis.
The positive pattern or renal function improvement was observed in 15% of the study patients. These patients were older and had higher degrees of comorbidity; however, mean blood pressure and proteinuria were the lowest compared with those of the rest of the groups. Interestingly, these patients were being treated less frequently with ACEI or ARB or dual RAS blockade, and in 19% of them MTM were performed at baseline.
Vitamin D analogues, fibrates and allopurinol are drugs commonly prescribed in CKD patients that can be associated with real [20] [21] [22] [23] or apparent decrease of renal function due to misinterpretations of eGFR from equations based on serum creatinine measurements [24, 25] . Well aware of this potential adverse effect, we decided long ago to discontinue these drugs in a systematic manner to all patients admitted to our CKD clinic (allopurinol was only stopped in cases in which hypersensitivity to this medication was suspected). This intervention, which we called MTM, was performed in $10% of the study patients, and this covariate resulted to be independently associated with a more favourable CKD progression in multivariable analyses.
During the followed-up period, almost two-thirds of the study patients needed dialysis, 16% died before dialysis had been initiated and 20% had a favourable outcome-survival without dialysis or kidney transplantation.
As would be expected, baseline kidney function and factors associated with more rapid CKD progression (higher blood pressure and urinary protein excretion) were the best determinants of the need for dialysis adjusted for the competing risk of dying before dialysis initiation. While the treatment with either ACEI or ARB seemed to be associated with less mortality, the concomitant prescription of both drugs (dual blockade of RAS) or the use of b-blockers was significantly associated with earlier need of dialysis. In this study, a high proportion of elderly patients showed a slow CKD progression. Nearly two-thirds (64%) of the study patients over 65 years of age showed less steep eGFR slopes (greater than À3.35 mL/min/1.73 m 2 /year). This finding has already been described in previous studies [26] [27] [28] , although the causal link between ageing and slow CKD progression remains elusive. One explanation widely supported is that 'ageing kidney' and its associated outcome characteristics [29] could be the predominant aetiology of renal function impairment in a high proportion of elderly CKD patients. Besides, other clinical characteristics and confounders related with ageing, such as better compliance with prescribed medication and dietary advice (authors' subjective perception), fewer current smokers and inaccuracy of creatinine-based estimations of GFR, may also influence the rate of renal function decline in our elderly CKD population.
One important conclusion that can be drawn from these results is that renal function decline at later stages of CKD is not uniformly linear, and the velocity of the progression can vary widely. Thus, the characteristics associated with these different patterns of CKD progression should be considered in clinical studies and trials recruitment, and from a clinical practice standpoint, for proper planning and scheduling of the initiation of dialysis or pre-emptive kidney transplantation.
Potential limitations of this study need to be acknowledged. Due to the observational and retrospective nature of the study no causal relationships could be established. The study was single centre, and the overall outcomes and kidney function could be highly influenced by the treatment protocols of our clinic, thus limiting the reproducibility of some of the results from this study.
Renal function was not measured by gold standard methods. The precision and accuracy of creatinine-based formulas for estimating the renal function can be affected by numerous factors, which may eventually influence the estimation of CKD progression observed in this study.
In conclusion, this study shows that, in addition to highly expected risk factors for CKD progression (age, sex, arterial hypertension, proteinuria), other potential modifiable factors, mainly related to the adverse effects of commonly prescribed medication, may influence significantly the rate of renal function decline of CKD patients at later stages. Interactions among these factors result in different patterns of progression, the identification of which may be useful for optimizing the care of patients with advanced CKD. 
